An efficient computational method for locating minimum-energy crossing points ͑MECPs͒ between potential-energy surfaces in spin-crossover transitions and nonadiabatic spin-forbidden ͑bio͒chemical reactions is introduced. The method has been tested on the phenyl cation and the computed MECP associated with its radiationless singlet-triplet spin crossover is in good agreement with available data. However, the convergence behavior of the present method is significantly more efficient than some alternative methods which allows us to study nonadiabatic processes in larger systems such as spin crossover in metal-containing compounds. The convergence rate of the method obeys a fast logarithmic law which has been verified on the phenyl cation. As an application of this new methodology, the MECPs of the ferrous complex ͓Fe͑ptz͒ 6 ͔͑BF 4 ͒ 2 , which exhibits light-induced excited spin state trapping, have been computed to identify their geometric and energetic parameters during spin crossover. Our calculations, in conjunction with spin-unrestricted density-functional calculations, show that the transition from the singlet ground state to a triplet intermediate and to the quintet metastable state of ͓Fe͑ptz͒ 6 ͔͑BF 4 ͒ 2 is accompanied by unusually large bond-length elongations of the axial ligands ͑Ϸ0.26 and 0.23 Å, respectively͒. Our results are consistent with crystallographic data available for the metastable quintet but also predict new structural and energetic information about the triplet intermediate and at the MECPs which is currently not available from experiment.
I. INTRODUCTION
Many processes, such as radiationless spin crossover in coordination compounds, involve transitions between multielectronic states of different spin multiplicity. Such transitions, not being electric dipole allowed, are formally spin forbidden and are often interpreted in terms of the crossing of two energy hypersurfaces. Likewise, many ͑bio͒chemical reactions, such as dioxygen binding in iron heme proteins, are particular types of nonadiabatic processes in which there is a net change in the system's total electronic spin. As such these reactions are called spin forbidden. Energy surface crossings play important roles in understanding the mechanisms and dynamics of many nonadiabatic chemical and biochemical processes [1] [2] [3] [4] and, in particular, when a process involves a change in the total electronic spin. Determining the lowest crossing point, at which two energy surfaces corresponding to different spin states intersect with minimum energy, is important because it serves as the most likely place where the transition occurs. 1, 5, 6 To elucidate the mechanisms associated with spinforbidden processes one can use a simple and yet powerful concept, namely, the minimum-energy crossing point ͑MECP͒ on the seam line at which two adiabatic surfaces intersect ͑Fig. 1͒. For an N-atom molecular system, the MECP corresponds to a set of 3N nuclear coordinates, ͕R i ͖, for which the energies of two spin states are equal and often represents a key bottleneck along the pathway of spinforbidden processes. 5, 6 Therefore, it is important to compute MECPs in order to understand and quantify the physical interactions which are active at the crossing point, such as spin-orbit coupling ͑SOC͒, which facilitate or "catalyze" spin-forbidden processes. Although in principle existing electronic structure methods can calculate independently two different adiabatic surfaces and indirectly find their crossing points by superposition, this is in practice impossible for large transition metal-containing complexes such as coordination compounds and metal centers in proteins. Therefore, it is crucial to develop algorithms for finding MECPs without having to compute entire potential-energy surfaces since this is, in general, prohibitive. However, most electronic structure packages presently compute with good efficiency stationary points on single potential-energy surfaces ͑e.g., energy minima, saddle points͒ but typically do not compute MECPs because these are not stationary points on either of the two intersecting spin surfaces. 3 This is particularly true for computations on large metal-containing systems. Here, we report the computational implementation of a method for locating MECPs on the seam of two crossing energy surfaces. This is carried out in a fairly direct fashion by using efficient energy-gradient methods in conjunction with densityfunctional calculations.
Previous investigators have made significant advances towards the direct calculation of MECPs. 1, 7, 8 However, these methods have been mostly applied to small organic systems and are not practical for the evaluation of MECPs of large metal complexes when used in conjunction with expensive correlated wave-function-based methods. In particular, some constrained algorithms for the investigation of nonadiabatic surface crossing use analytic energy gradients with constraints enforced by the method of Lagrange multipliers [5] [6] [7] [8] [9] and also computationally expensive multiconfiguration selfconsistent-field ͑MCSCF͒ configuration-interaction ͑CI͒ wave functions. More recently, however, density-functional methods have also been used. 10, 11 These algorithms do allow the determination of energetically accessible portions of crossing hypersurfaces without having to characterize the entire crossing surfaces but also have practical limitations. In particular, these impose arbitrary equality constraints on some bond lengths and angles 6 and use MCSCF/CI wave functions which are not only impractical for large metal complexes but also only in part recover dynamic correlation energy. 12 This latter fact in turn affects the accuracy of the location of crossing points between surfaces which have different intrinsic measures of correlation energy, as has been documented for the phenyl cation. 12 Consequently, to treat metal-containing systems we need to develop fastconverging MECP algorithms which are based on less expensive ab initio methods, such as density-functional theory, and which also recover to a greater extent dynamic correlation effects. Some methods 1, 12 are an initial step in this direction and have been the starting point of our own development.
One main problem with some pioneering algorithms has been their poor convergence behavior which shows problematic oscillations that increase the computational cost. 1, 12 In this work, we present a new method of locating crossing points between nonadiabatic potential-energy surfaces that exhibits a fast, nonoscillating, convergence rate and which is suitable for the study of nonadiabatic processes in large molecular systems. For example, the method can be applied to study spin crossover in metal coordination compounds and also spin-forbidden ligand-binding reactions in metalloproteins. In this paper we first detail a new MECP methodology which has been computationally implemented. Second, the convergence behavior of the new method is analyzed in detail. Third, test calculations are presented for a simple representative system, namely, the phenyl cation, to compare our results with previously published work. Finally, the algorithm is used to study the spin-crossover pathway of ͓Fe͑ptz͒ 6 ͔͑BF 4 ͒ 2 ͑ptz= 1-propyltetrazole͒, 13 a remarkable complex which exhibits light-induced excited spin state trapping 14, 15 ͑LIESST͒ and which is potentially useful in molecular-level memory storage and display technologies. 15, 16 
II. THEORETICAL METHODS

A. MECP methodology
We consider a molecular system containing N atoms whose electronic wave functions M ⌿ and MЈ ⌿ correspond to states of different spin multiplicity, M =2S + 1 and MЈ =2SЈ + 1, respectively. For each state the total electronic energy within the Born-Oppenheimer approximation is a function of 3N nuclear coordinates,
where a particular set of coordinates,
Thus, for each state M ⌿ the energy landscape of a molecular system is 3N dimensional. By varying R i one can construct hyperdimensional energy surfaces as illustrated by Fig. 1 which also depicts the seam of intersection with its global minimum ͑i.e., MECP͒.
Some methods for locating lowest-energy crossing points explicitly minimize E M ͑R i ͒ but only use E MЈ ͑R i ͒ to direct the computational search towards the seam. 1, 12 However, our results in Sec. III show that treating both energy surfaces on an equal footing speeds up the convergence and significantly lowers the computational cost of the calculations. Accordingly, the implementation of our MECP algorithm explicitly considers both energy surfaces, E M and E MЈ , by defining an energy function U͑R i ͒ to be minimized subject to a constraint C,
where, for example, n =1,2,3. In our approach finding a MECP is equivalent to minimizing U͑R i ͒, subject to condition C, where E M and E MЈ are evaluated from self-consistent spin density-functional theory, [17] [18] [19] Our MECP algorithm is based on the Newton-Raphson method which is an efficient minimization procedure. 20 To minimize a function U͑R i ͒ subject to a condition C =0, ͓Eqs. ͑3͒ and ͑4͔͒ one can evaluate a gradient vector g, a Jacobi vector J, and a Hessian matrix H whose elements are given by
where i =1,2, ... ,3N. Putting Eqs. ͑3͒ and ͑4͒ in the context of Eqs. ͑5͒-͑7͒ one obtains
where
MЈ are the energy, gradient, and Hessian of each energy surface evaluated at iteration i ͑i.e., at current set of nuclear coordinates͒. In our work, these quantities are evaluated from the SDFT ͑Refs. 17 and 19͒ calculations at each iteration.
Depending on the size of the molecular system, it may not be practical to compute the Hessian matrices analytically. Instead, these may be evaluated numerically using the following recursive relations for each multielectronic state: 21, 22 
where dR is a stepping vector. Therefore, as one takes a step on the energy surface, R i → R i+1 , the Hessian can be updated accordingly. Such updating scheme has been successfully applied to the calculation of equilibrium molecular structures within the Berny optimization method. 22 As demonstrated in Sec. III, these recursive relations also produce good results in the calculation of MECPs.
During the iterative search for a MECP we define a vector R 0 corresponding to an initial guess of the nuclear coordinates and the stepping vector dR. Then, a vector R 1 corresponding to a set of coordinates that, subject to condition C, brings U͑R i ͒ closer to its minimum can be evaluated as follows:
For molecular systems the previous expressions can be quite problematic because these contain three translational and three rotational degrees of freedom. 23 As a consequence, the stepping vector dR may unnecessarily lead the search through translations or rotations that do not change the energy U͑R i ͒. To overcome these problems and to have more control over dR, Eqs. ͑15͒ and ͑16͒ can be rewritten in terms of an eigenvalue problem,
͑a͒ Optimized geometry of phenyl cation ͓C 6 H 5 ͔ + with parameters given in Table I . ͑b͒ Convergence of energy surfaces toward the MECP by using our fast-converging energy-gradient algorithm ͑solid lines͒ and by our implementation of alternative ͑Refs. 12 and 35͒ methods ͑dotted lines͒. The number of iterations ͑Ϸ13͒ needed to find the MECP 3↔1 with our algorithm is significantly lower than the number needed ͑Ϸ31͒ for the alternative method. As shown in Table II , we located the MECP 20.73 kcal/ mol above the equilibrium geometry energy in close agreement with other significantly more expensive methods ͑Refs. 1, 12, and 35͒.
FIG. 3. MECP convergence histogram for phenyl cation. The energies E
1 ͑R i ͒ and E 3 ͑R i ͒ are computed at each iteration i from the SCF-SDFT calculations for each set of nuclear coordinates R i . The figure shows that ͑i͒ the number of SCF cycles needed to converge to each SDFT energy, E 1 ͑R i ͒ and E 3 ͑R i ͒, with our MECP algorithm is always lower than the number needed for our implementation of an alternative method ͑Refs. 1 and 12͒ and ͑ii͒ the number of iterations needed to find MECP 3↔1 is also lower with our algorithm than the number needed for the alternative method.
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where ⑀ i and h i are the eigenvalues and eigenvectors, respectively, of the Hessian matrix and the summation is over all nonzero ⑀ i to avoid unnecessary rotational and translational degress of freedom. 23 The eigenvectors are the normal modes and the eigenvalues the corresponding vibrational frequencies. Supplementary Fig. 1 illustrates the overall algorithm. 
B. An alternative MECP method
A more conventional method for locating MECPs has been used in conical intersection analyses 1 and is briefly summarized as follows. Within the vicinity of the seam line between two energy surfaces, a vector is defined which points directly to the seam
͑22͒
It follows that a vector which is perpendicular to f would be tangent to the seam. Such tangential vector can be obtained by a Gram-Schmidt orthogonalization procedure. 1 Traveling along the direction of these vectors is equivalent to moving along the seam line until reaching its minimum. Putting this method in the context of the Newton-Raphson procedure,
One basic difference between this alternative method and the present work is how gradients and Hessians are defined. This can be appreciated by comparing Eqs. ͑23͒-͑26͒ with Eqs. ͑8͒-͑10͒. The results of calculations with our own method ͑vide supra͒ and with this alternative method are shown in Tables I and II 
C. Computation of relevant energies by spin density-functional theory
For a molecular system composed of N atoms, a particular set of nuclear coordinates,
Within the Born-Oppenheimer approximation a multielectronic state M ⌿͑r , R i ͒ depends explicitly on the electronic coordinates r but only parametrically on the nuclear coordinate vector R i . 24 Thus, to compute potential-energy surfaces corresponding to a spin multiplicity M we solve explicitly the electronic structure problem for a given R i and obtain electronic energies as a function of the nuclear coordinates E M ͑R i ͒. The electronic energies required by the MECP algorithm are computed from spin density-functional theory [17] [18] [19] ͑SDFT͒ calculations on the molecular geometries of interest ͑Supplementary Fig. 1͒ . Density-functional methods can account for electron correlation effects at a computational cost that is much lower than some correlated wave-functionbased methods of comparable accuracy 25, 26 such as Møller-Plesset perturbation theory ͑MP2͒. In particular, the relatively recent development of gradient-corrected exchangecorrelation functionals [27] [28] [29] [30] [31] [32] makes of SDFT a well-suited method for treating large open-shell metal complexes, such as the one studied here, where correlation effects are important. 33, 34 Thus, SDFT calculations are ideally suited for evaluating the energy surfaces, E M ͑R i ͒ and E MЈ ͑R i ͒, and accurate relative energies 34 which are needed to compute MECPs of fairly large metal-containing complexes. 
D. Computational details
The search for geometries corresponding to the MECPs was done using our locally developed algorithm as described above. The SDFT calculations on the phenyl cation used B3LYP ͑Refs. 27 and 28͒ to facilitate comparison with previously published results 12, 35 which had used that particular exchange-correlation functional. The SDFT calculations on ͓Fe͑ptz͒ 6 ͔ 2+ were carried out on a geometric model based on the crystallographic structure of ͓Fe͑ptz͒ 6 ͔͑BF 4 ͒ 2 ͑Ref. 13͒, as shown in the figure. All density-functional calculations on the iron complex were done using the B-PW91 31, 32, 36 exchange-correlation functional and the all-electron basis sets 6-31G * and 6-311G * . 24 The B-PW91 functional was used because it has proven to yield fairly accurate relative electronic energies for metal-containing complexes. 34 Single point density-functional calculations were done using GAUSS-IAN 98. 37 Full geometry optimizations were carried out with the same package to determine the minimum-energy configurations corresponding to the singlet, triplet, and quintet states of the iron complex.
III. RESULTS AND DISCUSSION
A. Convergence analysis of MECP algorithm
To better understand the convergence behavior of the MECP algorithm and to further improve its convergence rate, we can analyze the formalism given by Eqs. ͑3͒-͑16͒. First, it is convenient to define the following vectors:
Second, to study how the power of the constraint equation affects the convergence rate, it is possible to generalize Eq. ͑4͒ to the nth power of the energy difference,
In addition, Eq. ͑5͒-͑16͒ can be rewritten in terms of p and q as follows:
Hence,
Substituting Eqs. ͑30͒ and ͑34͒ into Eq. ͑15͒,
Mathematically, the previous expression is equivalent to using Eqs. ͑16͒ and ͑18͒. However, ͑36͒ is more convenient because its form does not lead to a singularity since the denominator of ␥ does not vanish when E M = E MЈ . Writing the stepping vector dR in this fashion also shows an explicit dependence on the power of the constraint equation.
To study the convergence behavior, we consider the illustrative example of two quadratic energy surfaces, as shown in Fig. 5 . The surfaces are defined by Eqs. ͑37͒ and ͑38͒ and depend on a single nuclear coordinate R ͑e.g., a bond length͒.
The MECP occurs at R = 0 where ⌬E = E A − E B = 0. However, during the course of the iterative procedure, ⌬E remains finite. According to Eqs. ͑37͒ and ͑38͒, at the ith iteration
where R i is the value of the nuclear coordinate at the current ith iteration. To see how ⌬E changes from one iteration to the next, we apply Eqs. ͑35͒ and ͑36͒ to compute R i+1 . Because, in this particular example there is only one degree of freedom, it is convenient to drop the vector notation. According to Eqs. ͑10͒, ͑27͒, and ͑28͒
Hence Eqs. ͑35͒ and ͑36͒ imply that
Therefore, in the next iteration, 
provides significant insight about the convergence behavior of our method towards the MECP. Namely, ⌬E vanishes exponentially as the number of iterations increases. The convergence rate is directly related to n, the power of the constrain in Eq. ͑29͒,
The previous derivation suggests that the fastest convergence is achieved for n = 1. For higher values of n the convergence is slower. Plotting ⌬E on a logarithmic scale as a function of iteration, the slope of such graph should be log͑1−1/n͒. To verify that the convergence rate is indeed described by Eq. ͑48͒, we computed the MECP between singlet and triplet states of the phenyl cation using Eqs. ͑35͒ and ͑36͒ for various values of n. Figure 4 illustrates how the slope of the computed ⌬E is in excellent agreement with the slope given by the analytical expression log͑1−1/n͒. In addition, the embedded box ͑Fig. 4͒ shows how ⌬E decreased with increasing number of iterations. The fast convergence rate of ⌬E towards zero is reflected by the slope of the graph on a logarithmic scale which shows the rate varying as a function of n ͑Fig. 4͒. Furthermore, the fast convergenge of the algorithm applies not only to the crossing of two surfaces with slopes of opposite sign ͑i.e., g A =−kg B , k being one or some other positive number͒, as illustrated by Fig. 5͑a͒ , but also to crossing surfaces with slopes of the same sign ͑i.e., g A = kg B ͒. The latter case is exemplified by Eqs. ͑49͒ and ͑50͒ and Fig. 5͑b͒ ,
where a Ͼ 0 shifts the energy of E A . An extension of the previous analysis yields
Thus, by comparison of ͑52͒ with ͑47͒ it follows that the fast logarithmic convergence is also expected for crossing slopes of the same sign. In the most general case, however, the convergence rate may depart somewhat from the previous expression to the extent that the computed crossing surfaces may not be strictly quadratic.
B. Spin-forbidden intersystem crossing of phenyl cation
To test our algorithm we have initially chosen a fairly small system that was previously studied by other authors, namely, the phenyl cation, ͓C 6 H 5 ͔ + , shown in Fig. 2 . This allows us to compare our own ͑i͒ computational accuracy and ͑ii͒ algorithmic efficiency with those of other available methods. In fact, phenyl cation potential-energy surfaces and MECPs have been previously studied by density-functional theory and other ab initio methods ͑MP2, CASSCF͒. 12, 35 We stress, however, that although MP2 and CASSCF are practical options for small systems, these are computationally prohibitive for large metal-containing inorganic and bioinorganic complexes. Therefore, for the investigation of coordination compounds, SDFT-based methods are currently the best option for capturing correlation effects and numerical accuracy at a moderate computational cost. 33, 34 Our results for ͓C 6 H 5 ͔ + show that our energy-gradient SDFTbased MECP algorithm is significantly more efficient ͑Figs. 4 and 2͒ and also of comparable accuracy ͑Tables I and II͒ than other existing methods or computational implementations. 12, 35 For this test case our algorithm, as described in Sec. II, converged in 13 iterations for n =2 as compared to some 30 iterations needed for the alternative method ͑Fig. 2͒. Even faster convergence was achieved for n = 1 and n = 1.5, as shown in Fig. 4 . This fast-converging methodology has the potential to find MECPs of more complex processes such as transitions arising in spin-forbidden radiationless decay of metallic complexes ͑vide infra͒ or in nonadiabatic spin-forbidden ligand-binding reactions of metalloproteins.
Although the ground state of the phenyl cation is known to be a singlet, it is believed that under some experimental conditions a transient triplet state is initially formed. 12 This unstable spin state eventually decays into the singlet ground state. Such decay or intersystem crossing is spin forbidden because the total spin of the system is not conserved. As previously mentioned, to understand the transition from triplet to singlet states, it is important to determine the minimum-energy crossing point. 12 Tables I and II show that MECP and related geometries evaluated by our algorithm are in good agreement with those of other methods used in conical intersection analysis which validates the accuracy of our method. More importantly, our algorithm is not only of comparable accuracy but also significantly more efficient.
We note that treating both spin energy surfaces on equal footing, via Eq. ͑3͒, significantly increased the efficiency of our algorithm. For our initial guess of geometric parameters ͓Fig. 2͑a͔͒ the energy difference between the singlet and triplet states was on the order of 0.1 hartree ͑10 2 kcal/ mol͒. As shown in Fig. 2 , with subsequent iterations the solid lines representing the convergence of the two energy surfaces were well behaved ͑i.e., the nuclear coordinates converged smoothly towards the MECP geometry͒. By contrast, the convergence of the alternative method ͑dashed lines͒ showed an oscillatory behavior for the singlet energy surface whereas the triplet surface was well behaved throughout the iteration cycle. These different convergence behaviors likely result from the fact that the latter method treats the singlet and triplet surfaces differently as evidenced by its definition of gradient given by Eq. ͑23͒.
C. Application to spin crossover in iron coordination compounds
Recently, the notion of photoswitchable compounds has become a growing area of research whereby it is conceivable to exploit spin degrees of freedom of molecular systems to store bits of information. 15 In particular, the iron-containing complex ͓Fe͑ptz͒ 6 ͔͑BF 4 ͒ 2 ͑ptz= 1-propyltetrazole͒ ͑Ref. 14͒ can change its total spin upon optical excitation and is subsequently trapped in a new metastable spin state. Such phenomena is named light-induced excited spin state trapping ͑LIESST͒. ͓Fe͑ptz͒ 6 ͔͑BF 4 ͒ 2 is a distorted octahedral Fe͑II͒ complex ͑Fig. 6͒ with singlet ground state ͑S =0͒ and exhibits a deeply red color in crystalline form. 13, 38 Upon irradiation by green light, the crystal becomes colorless and is trapped in a high spin excited state ͑S =2͒. Remarkably, the complex remains in that metastable quintet state as long ͑or-der of days͒ as the temperature is kept under 50 K.
14 At higher temperatures, however, the lifetime of the metastable high spin state decreases ͑e.g., on the order of minutes at 60 K͒. Some progress has been made in understanding the mechanism of LIESST, mostly based on spectroscopy. 15, 16 However, further theoretical understanding is needed about the magnetostructural correlations and detailed electronic structures of LIESST-exhibiting complexes. Such understanding will likely lead to the synthesis of LIESST complexes with higher critical temperatures ͑below which the high spin state is effectively trapped͒ for use in potentially novel memory-storage or display applications. 15, 16 The basic mechanism for light-induced high spin trapping in ͓Fe͑ptz͒ 6 ͔͑BF 4 ͒ 2 has been described as a dipole allowed excitation from the singlet ground state to another short-lived, higher-energy, singlet ͑Scheme 1͒1. This is followed by spin-forbidden intersystem crossing to an intermediate lower-energy triplet which, being mediated by SOC, changes the total spin of the system by one unit. Another spin-forbidden intersystem crossing brings the system to the metastable quintet state where it is subsequently trapped below its critical temperature.
14-16 Scheme 1 illustrates the mechanism of excitation by green light whereby the solid arrow ͑ 1 A 1 → 1 T 1 ͒ represents the spin allowed vertical transition and the wavy arrows
͒ represent spin-forbidden radiationless intersystem crossing. It is also known that upon optical excitation the metastable quintet can relax back to the singlet ground state ͑reverse-LIESST͒ following a different excitation-deexcitation pathway. [14] [15] [16] However, some fundamental questions remain unresolved. In particular, ͑i͒ which are the detailed geometries at the MECPs where the spin crossovers are most likely to take place? and ͑ii͒ how are the total electronic energies of the various spin states and MECPs involved in the LS↔ HS transition related to each other? In particular, what is the energy difference between the low spin ground state and the high spin metastable state? In this work, we have applied the newly developed algorithm to elucidate the geometries and energies of ͓Fe͑ptz͒ 6 ͔ 2+ at these key points along the LIESST pathway.
The geometric model used in the calculations was based on the x-ray crystallographic structure of ͓Fe͑ptz͒ 6 ͔͑BF 4 ͒ 2 ͑Ref. 13͒ and is shown in Fig. 6 as a cation of charge 2+. The Fe͑II͒d 6 ion can take three different spin multiplicities: singlet, triplet, and quintet. As a result, there are two possible crossing points ͑MECPs͒ that can be mediated by spin-orbit coupling, namely, MECP 1↔3 and MECP 3↔5 . Once the MECPs were found, SDFT calculations were performed on all five relevant geometries ͑i.e., corresponding to 1,3,5 ⌿ minima and two MECPs͒. The minimum-energy geometries corresponding to each spin state ͑ 1,3,5 ⌿͒ were obtained from full geometry optimizations whereas those at the crossing points were obtained using the MECP algorithm previously described. To test the convergence behavior of the MECP algorithm for this iron complex, MECP 1↔3 was computed for n = 1 and also for n = 2 in the constraint equation ͑4͒. The former required 5 iterations for convergence whereas the latter required 16, in agreement with the trend predicted by Eq. ͑47͒ but also reflecting the fact that these surfaces are not strictly quadratic. The relevant energies are shown in Table III .
One of the most striking features of ͓Fe͑ptz͒ 6 ͔͑BF 4 ͒ 2 is that, upon cooling, its transition from metastable high spin ͑HS: S =2͒ to low spin ͑LS: S =0͒ states is accompanied by a dramatic structural rearrangement whereby the Fe-ligand bond lengths decrease by Ϸ0.2 Å. In fact, at the HS→ LS crossover temperature of Ϸ130 K, a rhombohedral → triclinic structural phase transition has been observed. 13, 38 Furthermore, powder studies on the isostructural and closely related complex ͓Fe͑ptz͒ 6 ͔͑ClO 4 ͒ 2 indicated that its structure had already changed before the spin transition began. 13 Thus, to explain these experimental observations it is of interest to gain theoretical insight about any structural changes that may occur during the overall spin transition pathway, S =2↔ S =1↔ S = 0, since detailed structural information is presently limited to only the S =2͑ 5 ⌿͒ and S =0͑ 1 ⌿͒ states. Our calculations provide significant insight about the structural and energetic variations that occur along the overall transition pathway. In particular, at the intermediate S = 1 state ͑ 3 ⌿͒ and at MECPs where the ⌬S = 1 transitions are most likely to take place. Figure 7 displays the energies and geometric details at each stage of the LIESST pathway. The computed singlet ground-state geometry showed good agreement with the x-ray crystallographic structure 13 and also with previous theoretical studies. 39 The likelihood for the system to make transitions from singlet to triplet and from triplet to quintet states is directly related to the strength of SOC at their respective MECPs. Thus, to arrive at the minimum of the intermediate triplet ͑
3 ⌿͒, which is Ϸ22 kcal/ mol higher in energy than the singlet ͑Table III͒, the system should pass with high probability through their minimum-energy crossing point where the mediating SOC is expected to be strongest. We SCHEME 1. find that at the singlet-triplet crossing point the axial ligands elongated to their largest bond lengths in comparison with any other state ͑Fe-N2:2.30 Å͒. By contrast, once the system has made a transition to the intermediate triplet state, its geometry is characterized by a mixture of singlet and quintet parameters. Indeed, the axial ligands exhibited long bond lengths similar to those of the quintet whereas those in the plane retained the short bond-length characteristic of the singlet. To reach the metastable quintet state the system should pass with high probability through the crossing between the triplet and quintet states. At this MECP the geometry was closer, but not identical, to that of the quintet since most ligands displayed long bond lengths. However, two of the six ligands displayed short bond lengths at MECP 3↔5 . These results are consistent with the powder studies on the isostructural diperchlorate complex 13 which indicate structuralchanges prior to the actual spin transition. Finally, as the system reaches the metastable quintet state its various Fe-N bond lengths are 0.21↔ 0.23 Å longer than the singlet, in fairly good agreement with experiment.
13
IV. CONCLUSIONS
An efficient method for locating minimum-energy crossing points has been introduced and tested against an alternative method for a well-known spin-crossover system, namely, the phenyl cation. The quantitative parameters ͑e.g., geometries and energies of MECPs͒ obtained with the present method are in good agreement with those obtained by alternative methods. However, the convergence rate of the present algorithm is significantly faster than our implementation of an alternative method and obeys a fast logarithmic law which has been verified for the phenyl cation. Due to its rapid convergence, the present method is particularly suitable for studying spin crossover in large molecular systems and, in particular, in transition metal-containing complexes. More specifically, our method significantly reduces the CPU time needed for convergence ͑relative to the alternative method͒ in two ways: ͑i͒ the number of iteration steps needed to reach the MECP is significantly lower and ͑ii͒ the number of selfconsistent field ͑SCF͒ cycles used in the SDFT evaluations of E M and E MЈ at each iteration is generally lower since SCF wave functions of previous iterations are better initial guesses for subsequent iterations.
As an application of this new methodology, the minimum-energy crossing points of the technologically relevant ͓Fe͑ptz͒ 6 ͔ 2+ cation have been studied to identify the geometrical parameters associated with its S =0↔ S = 1 and S =1↔ S = 2 transitions. Our calculations show that the transition from the singlet ground state to a triplet intermediate state is accompanied by an unusually large ͑Ϸ0.3 Å͒ bondlength elongation of the axial ligands. In addition, detailed energetic and structural information have been obtained for other points along the LS↔ HS pathway which are consistent with experimental information when available.
